Self-assembling systems of colloidal spheres are widely used as templates for the structured deposition of metals and semiconductors. Multilayer samples of ordered polystyrene spheres are prepared by a flow induced process. The subsequent surface activation by a dielectric barrier discharge in oxygen is followed by the fabrication of protecting polysiloxane layers. Electrochemical deposition of copper is used to test the stability of the pre-treated colloidal crystal. The arrangement of the spheres is preserved during the deposition process, due to the polysiloxane layer. The results of the consecutive preparation steps are investigated concerning topographical and chemical changes by atomic force microscopy, scanning electron microscopy and X-ray photoelectron spectroscopy.
Introduction
Monodisperse colloidal spheres have found application in biosensors, 1 chemical sensors, 2 super capacitors, 3 optical sensors 4 and templates for macroporous structure synthesis 5 to mention a few. By self-assembly they arrange in very small dimensions 6 and form photonic crystals. 5 An overview on preparation and applications of colloidal crystals was given by Cong et al. recently. 7 Polystyrene spheres belong to such colloidal materials.
These crystals are used for the template-assisted electrodeposition of macroporous materials. 8 The use of ionic liquids for such electrodeposition processes 9 increases the wettability and thereby improves the resulting macroporous structure. Different metals can be deposited in the interstitial voids, for example gold and platinum, 8 palladium and cobalt, 10 silver, 11 copper, 12 iron and nickel, 13 ruthenium, osmium and rhenium, 14 aluminum, 15 zinc 16 and lithium. 17 Normally the spheres are chemically removed after the deposition of the desired material and the macroporous structure is obtained. We previously observed that the formerly ordered spheres are somewhat disordered after deposition of lithium in the interstitial voids. The deposited material seems to 'push aside' the polymer spheres or the well ordered spheres 'move' during the deposition process resulting in an unordered structure. 17 In such cases it would be desirable to stabilize the soft polymer spheres to strengthen the ordered structure. Therefore a method to stabilize the templating structure during deposition is presented in this contribution. Silanization is a simple way to protect surfaces and has been used for decades to manipulate glass ware for electrophoresis applications as well as for chromatographic and macromolecule separations. 18 Therefore we tried to find out whether silanization could stabilize the soft polystyrene spheres against metal deposition or reaction with the deposit. For silanization, oxygen functional groups like hydroxyl, carbonyl, etc. are needed at the surface, but none of them are present in polystyrene. Therefore we treated polystyrene spheres with an oxygen plasma in order to create reactive sites for silane coupling. In the second step, we tried to silanize each of the polystyrene spheres in each layer in a way that the voids are still accessible for deposition. Furthermore, to test the stabilization effect of the silanization, we deposited copper electrochemically in the plasma treated templates as well as the silanized templates. Copper is chosen as the material for deposition because of its potential use in lithium batteries. Macroporous metals and semiconductors are suitable electrode materials for those batteries, as the mechanical stress during volume changes occurring in these devices is much smaller.
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Besides the volume changes, another demanding problem arises when metallic lithium is used as anode material. Dendritic growth of metallic lithium can lead to a short circuit and finally to the destruction of the battery. 19, 20 Structurally stable frameworks of lithium or copper/lithium combinations may be suitable to lower the probability of malfunctions as a consequence of dendritic growth. In this paper we present the results of our investigation for plasma-and chemically treated spheres analyzed by atomic force microscopy (AFM), scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS).
Experimental
The self-assembled polystyrene structures were prepared on polished copper substrates (1 Â 2 cm 2 ) which were cleaned in acetone and ethanol in an ultrasonic bath for twenty minutes. The cleaned copper sheets were dipped in a suspension of polystyrene spheres in ethanol (Duke Scientific, d = 600 nm) at 40 1C and pulled out manually as described earlier. 17 Comparable flowinduced processes reported in literature result in well defined multilayer colloidal crystals. 21 Afterwards the polystyrene-coppersheet was annealed for 2 hours at 100 1C. Subsequent to the preparation, the polystyrene spheres were exposed to a dielectric barrier discharge (DBD). The DBD is a low-temperature plasma, where the thermodynamic equilibrium is not established during the discharge. 22 This is achieved by insulating one or both electrodes with high dielectric constant materials. The plasma treatment proceeds in a preparation chamber (base pressure 5 Â 10 À6 Pa) which is directly connected to the UHV analysis system (base pressure 5 Â 10 À9 Pa). This ensures unaltered analysis of the plasma induced changes at the surface of the sample as there is no contact with the ambient atmosphere. The discharge develops in the gap (1 mm) between a self-built electrode 23 and the sample serving as ground electrode. The plasma system is operated with a high voltage pulse generator (Ingenieurbüro Dr. Jürgen Klein) and delivers 2 W power (pulse duration t = 0.6 ms, repetition rate 10 kHz, peak voltage 11 kV). All plasma treatments were carried out in oxygen (Linde Gas, 99.995%) at a partial pressure of 20 000 Pa. The gas composition in the preparation chamber is monitored by a quadrupole mass spectrometer (Balzers QMS 112A). After DBD-processing, the spheres were exposed to DMDCS (dimethyldichlorosilane) dissolved in OMCTS (octamethylcyclotetrasiloxane) to produce a protecting layer. Subsequently copper was electrochemically deposited in the spaces between the spheres from the ionic liquid 1-butyl-3-methylimidazolium dicyanamide ([BMIm]DCA) containing 0.2 mol l À1 of the precursor CuCl. The electrochemical cell has been described in a recent publication. 17 All deposition experiments were carried out in a glove box (OMNI-LAB from Vacuum-Atmospheres) under argon atmosphere with oxygen and water contents of about 2 ppm. The deposition was done potentiostatically by applying a potential of À0.2 V for 10 min.
To determine topographical and chemical changes at the surface of the polystyrene spheres caused by the different preparation steps, AFM, SEM and XPS were applied. AFM was performed in tapping mode with a Veeco Dimension 3100 SPM. Al-coated silicon cantilevers (NSC15, Mikromasch, tip curvature o10 nm) with typical resonant frequencies of about 325 kHz and spring constants in the range of 40 N m À1 were used.
All images consist of 512 lines each containing 512 pixels.
They were recorded with a line-scan frequency of 0.5 Hz. SPIP (Image Metrology A/S) was used to depict the AFM images and to calculate the average surface roughness (RMS) according to ISO 4287/1. Since the characterization of larger surface sections, for example to determine cracks or the wide range ordering of the spheres by AFM is time demanding, SEM was applied as complementary method using a Carl Zeiss DSM 982 Gemini. XPS was performed by combination of a non-monochromatic X-ray source (Specs RQ20/38C) and a hemispherical analyzer (VSW HA100). The photons (AlK a , 1486.6 eV) illuminate the sample surface at an angle of 801 to the surface normal, while the emitted electrons are detected perpendicular to this direction. The energy resolution of the hemispherical analyzer amounts to 2.2 eV for survey spectra at a constant pass energy of 90 eV and 1.1 eV regarding detail spectra at a pass energy of 44 eV. 24 All spectra are displayed as a function of binding energy with respect to the Fermi level. Tougaard Universal Polymer (C 1s region) and Shirley (other regions) background corrections were applied before the photoelectron peak areas are mathematically fitted to the data with CasaXPS (Casa Software Ltd.) using Gaussian peak-shapes. The calculation of the chemical composition of the surface region includes the photoelectric cross sections, 25 asymmetry parameters 26 and inelastic mean free paths from the database by Jablonski and Powell 27 as well as the experimentally determined transmission function of the hemispherical analyser (cf. Hesse et al.
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Results and discussion
The topography of the as-deposited PS spheres is shown in Fig. 1 . The SEM image (top) indicates that the preparation leads to a multilayer-system of PS spheres with at least 10-12 layers in fcc structure. 29 The largest part of the surface is covered by areas where the (111)-plane of the fcc structure is parallel to the substrate surface. The order is disturbed by cracks of different size probably originating from the drying of the multilayer and the imperfect surface of the underlying copper substrate compared to surfaces of silicon wafers or glass substrates. In the 
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upper left corner there is an area exhibiting unordered spheres possibly because of defects introduced during the preparation, which are known to cause wide range distortions in colloidal crystals. 29 In order to inspect the surface of the spheres in detail, AFM is applied, allowing the calculation of the RMS roughness. The calculation refers to sections of the sphere's surface, the corrugation of the crystal lattice is intentionally excluded. This is achieved by subtraction of the sphere curvature. The roughness amounts to R q = 0.24 nm. Furthermore, the diameter of the spheres can be extracted from the images (577 nm AE 10 nm). The areas free of cracks or deep trenches are about 10-20 mm wide. Additionally, dislocations and point defects (missing spheres) occur. Several methods to produce fcc structures of comparable height with less cracks and a lower defect density exist. For methods based on sedimentation or physical confinement ordered domains of up to 1 cm 2 were reported. 4, 30 However those methods require several hours or days for the template preparation while the flow-induced method used in this work only takes a few minutes. A perfect order of the colloidal template is the crucial factor when producing photonic crystals, but far less decisive for preparing macroporous electrode materials, e.g. for battery applications.
A dielectric barrier discharge in oxygen is applied to the polystyrene template for 60 s. The roughness of the surface exposed to plasma (R q = 0.24 nm), calculated from Fig. 2 , is the same as for the untreated sample. The image shows intact hexagonal arrays of polystyrene spheres after the plasma interaction, indicating that their order is not influenced by the DBD treatment in oxygen. While different researchers report shrinking of the spheres during plasma treatments of several minutes, [31] [32] [33] the diameter observed here, seems to be stable within the uncertainty (580 nm AE 10 nm). Gogel et al. describe a size reduction of air plasma treated polystyrene spheres. 31 After exposing polystyrene spheres to an inductively coupled plasma (ICP) for 60 s, Plettl et al. reported only a slight decrease of the diameter in the range of 2-4%. 32 Yan et al. mention a decrease of diameter of 2-3% after one minute of argon plasma treatment. 33 Nevertheless, they report that extended treatment times of several minutes led to a significant decrease in size. Those research groups operated their plasma reactors at considerably higher powers (regardless of the process gas) compared to the DBD treatment, which may explain the difference in the observed size changes.
Contrary to the minor topographical changes after the plasma treatment described above, the surface chemistry is strongly altered by the oxygen DBD. Fig. 3 depicts XPS survey spectra of untreated spheres (a) and plasma treated spheres (b) in comparison. The elements present at the polymer surface are carbon at 285 eV binding energy (the binding energy is charge corrected in all XPS spectra) and oxygen in both cases, while the small molybdenum contribution arises from the sample holder. The untreated spheres exhibit 3.8 at% of oxygen at the surface despite the fact that polystyrene only consists of aromatic and aliphatic carbon as well as hydrogen (which is not detectable by XPS). Impurities are the most probable explanation for the present oxygen contribution on the untreated spheres, where molybdenum oxides from the sample holder yield up to 1/5th of the determined oxygen content as calculated from stoichiometric fractions. As the corresponding spectrum in Fig. 3 illustrates, the amount of oxygen at the surface strongly increases to 21.5 at% due to the DBD treatment. Fig. 4 allows a closer look on the chemical changes at the surface during the plasma treatment focusing on highresolution spectra of the carbon 1s region prior to any treatment (a) and after application of the DBD (b) . Spectrum (a) exhibits three components, the main feature with a shoulder on the high binding energy side (at 286.5 eV) and a satellite peak at 292 eV. The main peak includes aliphatic and aromatic bound carbon, because the small shift between those peaks does not allow their separation due to the actual resolution of the spectrometer. Merging of aromatic and aliphatic peaks is a reasonable practice for this case. 34, 35 Surface contamination often occurs in terms of C-O-C or C-OH groups, which explains the shoulder of the main peak. The third component reveals a shake-up structure known to originate from p -p* excitations in the benzene ring separated by 6.8 eV from the main peak. Except for the shoulder, the spectrum resembles literature data very well. [34] [35] [36] Quantitative information on the chemical composition of the carbon peaks for each preparation step is summarized in Table 1 . The estimated errors given in Table 1 have been calculated with CasaXPS based on the mathematical fits of the raw data. Contrary to the three components in the C 1s region of untreated PS spheres, several new components can be identified after DBD treatment in oxygen (see Fig. 4(b) ). Due to the limited resolution of the spectrometer it is not possible to separate the new components evolving at the high binding energy side of the C 1s peak after the plasma treatment. To assign the new components, a fitting procedure based on the insights different researchers published for polystyrene films and spheres, exposed to a variety of plasma treatments, is applied. 34, 35, 37 In addition to the main peak and the p -p* shake-up structure, C-O at 286. Table 1 . These functional groups are created during the plasma treatment by cracking of carbon bonds due to oxygen attack. 35 The attenuation of the p -p* shake-up is a sign for the substitution of even aromatic carbon bonds in favor of carbon-oxygen bonds. 34, 35 A strong linkage between polysiloxane layers and polymer surfaces can be created by oxygen plasma treatments. 38 The spectroscopic results clearly show that the DBD treatment in oxygen generates the desired functional groups and activates the surface for subsequent coating processes. This is supported by the increase of the O/C ratio from 0.04 to 0.27 after the plasma treatment.
In the next preparation step the DMDCS-solution is dripped on the template to produce a stable coating, while the excess 
DMDCS evaporates. The hexagonal order of the PS spheres remains unaltered (see Fig. 5 ) which indicates that the produced layer fulfills its purpose. The calculated RMS-roughness is with a value of 0.37 nm higher compared to the states of preparation mentioned above. This may be due to a slightly uneven growth of the protecting layer on the atomic scale. For the evaluation of the coating process it is vital to identify the deposited species at the surface of the polystyrene spheres by XPS. The survey spectrum (Fig. 6 ) of coated PS shows the presence of silicon 2p at 102.6 eV (6.0 at%) as well as carbon (75.5 at%) and oxygen (18.5 at%) at the surface. Fig. 7 depicts the detail spectra of the C 1s (a) and Si 2p (b) regions. The six components of the carbon peak can be attributed to aromatic and aliphatic carbon and the same functional groups occurring directly after the plasma treatment (see Fig. 4(b) ) although their amount decreased compared to the preceding preparation step. This can be explained by the attenuation of the C 1s signal due to an overlayer from the coating process together with linking of silicon to functional groups. The second process may be the reason for significantly lower amounts of carbonyl and ester/ carbonate groups compared to the amount of C-O.
It is assumed that the aforementioned overlayer consists of polysiloxanes as related chemical treatments lead to such coatings. 38 Therefore four components are assigned in the silicon peak in Fig. 7(b The electrochemical deposition of materials in the interstices of colloidal crystals can disturb the order of the template, as mentioned above. This effect has been reported for lithium 17 as well as for aluminum. 15 Fig. 8 (a) depicts a SEM image of a colloidal crystal, which has been exposed to an oxygen DBD for 60 s prior to electrochemical deposition of copper. In the last step the polystyrene colloids are removed by THF. The image exhibits randomly distributed dark spots and brighter areas between them. The dark spots are holes or pores at the former positions of colloids, which have been removed by THF. The brighter areas between the pores consist of electrochemically deposited copper. Two conclusions can be drawn from this experiment. First, as it is the case for lithium and aluminum, the process of depositing copper electrochemically in the colloidal crystal disorders the polystyrene colloids. The former fcc structure is not observed after copper deposition. Second, the preparation of the colloidal crystal by a DBD in oxygen alone does not stabilize the crystal structure for electrochemical deposition. Fig. 8(b) shows a SEM image of a colloidal crystal acquired subsequent to the preparation by an oxygen DBD, the formation of a polysiloxane coating and electrochemical deposition of copper. Contrary to the sample in Fig. 8(a) , the fcc order of the colloidal crystal is preserved due to the polysiloxane coating. The polystyrene spheres in the SEM image are intact and seem to be unaffected by electrochemical deposition. It is important to mention that the modified spheres are not dissolved by THF. This can be attributed to the chemical stability of the polysiloxane layer. The areas between the ordered spheres of the top layer are partly filled by a deposited material, Fig. 8(b) . However the electrochemical data shows that copper has been deposited. The area marked with (1) in Fig. 8(b) shows a crack in the colloidal crystal, the underlying layer can be seen, furthermore the crack is not filled with a deposit. In area (2) a point defect due to a missing sphere is visible, with a deposit underneath. Fig. 9 depicts a XPS survey spectrum recorded after the electrochemical deposition. Silicon is still visible in the spectrum, which indicates that the polysiloxane layer is intact, furthermore copper is now detected. Based on the experiments shown in Fig. 8 and and on the fact that electrochemical growth always starts at a conducting substrate, the interstices of the colloidal crystal must be filled with copper, which is supported by Fig. 9 .
These results imply the following: Dielectric barrier discharges in oxygen are an appropriate tool to functionalize the surface of polystyrene spheres for a subsequent coverage by a polysiloxane layer.
The polysiloxane coating survived the electrochemical process and is thereby suitable to protect and stabilize templates of polystyrene spheres.
Metals (here: copper) can be electrochemically deposited without disturbing the fcc arrangement of the spheres after polysiloxane coating.
Conclusion
Multilayer samples of hexagonally ordered polystyrene spheres were successfully prepared by dip coating. Afterwards the surface of the spheres has been activated in an oxygen DBD. During this process, oxygen-containing functional groups are formed at the surface in favor of aliphatic and aromatic bound carbon as verified by XPS. Subsequent coating of the spheres with polysiloxanes is accomplished in a chemical procedure, resulting in a protective, stabilizing layer covering the spheres for further use as a template. During the following electrochemical deposition of copper the polysiloxane coating persists, protecting the susceptible polystyrene surface below. The electrodeposition of Cu obviously does not alter the integrity of the modified PS template, thus the face centered cubic ordering of the template is preserved.
In our opinion the proposed method to stabilize polystyrene spheres opens interesting opportunities to make stable 3-dimensional composite materials, e.g. for microbatteries or for photonic crystals. View Article Online
